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The analysis presented in this report provides a simple method for determining 
the approximate mass and dimensions of a solar electric thrust subsystem. Each 
system element is discussed in terms of mass, and e5ciency or power. Results are 
presented as a function of the power into the power conditioning units. The 
dependence of the size on a given mission is shown to be a function of thrust 
cutoff distance and thruster throttling capability. 



The thrust subsystem elements, described conceptually 
in previous works (Refs. 1,2), are shown schematically in 
Fig. 1. Elements included are thrusters, power condition- 
ers (PC), thrust vector control (TVC), propellant storage 
and distribution (PSD), switching matrix (SM), and con- 
troller. All mounting structures are included in the TVC 
element. 

Since an electric propulsion system is designed largely 
around the thruster, fixing the thruster size essentially 
establishes the designs of the remaining elements. Thus 
the mission dependence, for all but the PSD element, need 
only be considered for the thruster. 

ce 
The maximum individual thruster power level can be 

determined by the thrust cutoff distance and maximum 
thrust power. The available thrust power at any distance 
from the sun R can be expressed in the form (Ref. 3) 

where 

Pt = thrust power at distance R, kW 

PI = nominal solar array power output at 1 AU, kW 

R = distance between sun and probe, AU 

qS = efficiency factor of solar array 

The efficiency factor r ] ,  accounts for array power losses 
(e.g., cabling resistance and cell matching) and expected 
degradation from radiation damage. The factor S accounts 
for the expected change in solar cell efficiency with tem- 
perature changes and can be expressed in the form 

S = -  (2.17 - 7.88 R112 + 7.51 R - 0.80 R3I2) (2)  ~ 3 1 2  

This equation applies for R between 0.6 and 5 AU. A point 
of maximum power is expected near 0.6 AU (Ref. 3). 

If the constraint is imposed that all thrusters be identi- 
cal, for power matching, i.e., utilization of all available 
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Fig. 1 .  Solar electric propulsion system 

solar power by the thrust subsystem, the minimum number 
of thrusters operating at the point of minimum power is 
given by the smallest integer n that satisfies 

1 
nh- 

at - 1 (3) 

provided S/Rz < l / a t ;  otherwise n = 1. The throttling 
factor at is the ratio of thruster full power to lowest oper- 
able power. The limit on minimum operating power, 
hence on at, is determined by thruster characteristics. 
Thruster throttling will be discussed in Section 111-A. 

The minimum number of identical thrusters operating 
at the point of maximum power is then given by the 
smallest integer k that satisfies 

or 

kh- P,, (:) 
P m i n  

(4) 

The maximum power level pt of the individual thruster 
is then given by 

7 (5) k 
P m a x  

pt = - 

If nonidentical thrusters are used, Eqs. (3) and (4) must 
be modified. The minimum number of nonidentical 
thrusters operating at the point of maximum power can 
be determined as follows. It is assumed that at is the same 
for all thruster sizes. The maximum power of the last (mth) 
thruster is 

where Pmin is the power at thrust cutoff. At the point 
where the next-to-last thruster is shut off and the last 
thruster is returned to full power, 

This gives 

32- I50 



pm-z = d (at - 1) P m i n  

Thus, in general, 

p m - l =  (at - 1) Q: P m i n  

the maximum short-term capability of the SE-20C thruster 
(Ref. 6), is used in this analysis because of the present 
uncertainties in beam divergence and accelerator grid life. 
The beam diameter, using 32 A/mz, can be written 

where 

Z S p  = true specific impulse, s 
(7) 

The maximum power can now be expressed in the form qm = propellant utilization efficiency 

qt  = total thruster efficiency; 
m m-1 

- 
- 77mrIp P m a x d  Z pi = Z (at - 1) a ~ '  P m i n  + at P m i n  

i = l  i = 1  

or qp = power efficiency 

m-1 

i = l  

p t  = maximum thruster power, k W  
pmax  6 (at - 1) P m i n  Z QP + at P m i n  

These parameters will be discussed in the following sec- 
tion. When Eqs. (10) and (11) are combined, This simplifies to 

,kg (12) 
% V t  Pt mt = 1.85 + 2.26 X lo7 - 

P m a x  p m i n  (8) 

1:P  
The minimum number of nonidentical thrusters is now 
given by the smallest integer m that satisfies the equation As noted previously, several thruster sizes (and associ- 

ated PC units) could be used in a single system. The 
relative importance of using the minimum number of 
thrusters will now be shown. The total thruster mass is 

log - P,,, 
(9) 

In general, the use of nonidentical thrusters will allow 
the use of the minimum number of thrusters. However, 
this may not result in the system of minimum weight as 
discussed in the next section. 

P m i n  ml- 
log Qt 

M t  = Zmt,iNt,i (13) 
i 

where mt, is the mass of the ith thruster and N t , i  is the 
total number of ith thrusters. The total number of thrusters 
is given by 

W t  = nt f n ,  lysis 
where 

1. Size. Calculations based on the JPL SE-206 thruster 
design (Refs. 4,s) have resulted in the following equation 
for thruster mass: 

nt = number of operating thrusters 

n, = number of initial spare thrusters 

The total power into the PC unit P ,  is mt = 1.85 + 57 238, kg (10) 

where 

mt = individual thruster mass, kg 

Dt, = ion beam diameter, m 

The design maximum ion beam current density of the 
SE-20C thruster is 32 A/m2. This value, about 30% below 

and 
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where 

- 
y c , i  - 

q c  = 

p , i  = 

n , i  = 

efficiency of the ith PC 

average efficiency of PC 

power level of the ith PC 

number of ith PC units 

With the use of Eqs. (12) and (14), the total thruster mass 
is given by 

M t  = 1.85 (nt + n,) + 2.26 X lo7? (.le P, + 2 n,, i. p t ,  i) 
Is, i 

(15) 

For systems operating in the specific impulse and power 
ranges of current interest (3000 to 4000 s and 5 to 20 kW), 
the second term in this equation dominates by a factor of 
2 to 4. The import of this is that the fixed penalty associ- 
ated with increasing the number of initially operating 
thrusters is small compared with the penalty for carrying 
a large number of spares. The determination of the num- 
ber of spare thrusters (and their sizes) required for a sys- 
tem of nonidentical thrusters to achieve a given reliability 
is a major problem. However, it would seem intuitively 
that the number d spares would be minimized, for a 
given system reliability, if all thrusters were identical and 
interchangeable. 

If all thrusters are of equal size, 

Thus, Eq. (15) becomes 

M t  = 1.85 (nt + n,) + 2.26 X lo7 qrn l)"Z?' " 
I s ,  

(16) 

In addition, Eq. (11) can now be written in terms of P ,  as 

The thruster array dimensions can now be determined. 
The thruster plan form area, exclusive of structure, is 

where y is the ratio of maximum thruster diameter to 
beam diameter (typically 1.4). The overall array plan form 
area, including structure and gimbal actuators, can be 
expressed as 

where p is the ratio of array to thruster area. A value of 
P of 2.0 is typical of most packaging concepts (Refs. 7,8). 
Thus, the array area can be represented approximately by 

If we assume the array is formed with relative symmetry, 
a characteristic dimension of the array La is A:h or 

La = 1.7 Db (nt + n#,m (19) 

This is equivalent to the dimensions of a square. The 
maximum dimension could thus be expected to be 
approximately 

La, max = 2% L, 

= 2.4 Db (nt + n,)S 

Two examples can be noted. First, the thruster array of 
Ref. 7 with Db = 0.20m had an edge dimension of about 
0.53 m and a diagonal dimension of about 0.71 m. If gim- 
bal actuators 5 to 8 cm thick (typical of present designs) 
are included as expected, the observed dimensions are 
comparable with La = 0.63 and La,,, = 0.91 m. Second, 
a current design using a five-thruster array with gimbals 
and Db = 0.2 m has an edge dimension of about 0.86 m 
(La = 0.79 m) and a diagonal dimension of about 1.06 m 
(L,,,,, = 1.09 m). Equation (19) should be sufficiently 
accurate for preliminary design of the TVC and structure. 

In terms of power, Eq. (19) becomes 

Although only approximate, Eq. (20) shows that array 
dimensions are relatively independent of nt, vary directly 
with Pp, and vary inversely with I,, . 



2. Eficiency. Thruster power efficiency is given by 

Oxide cathode 

or 

Hollow cathode 

Vh Vll 

- 
- 
- 

low 
5 
- 

where 

E,, (0.45 EL) 

EL) 1 EL) 

(0.05 EL) Ea (0.06 E L )  

E% (0.06 EL) - E ,  (0.07 EL) 

- 
- 

VI, = screen or beam voltage, V 

PL = power losses 

ZI, = ion beam current, A 

~ _ _ _ _ _ _ _ _ _ _  

Oxide cathode 

Present I Future 
Constant 

EL = power losses per beam ion, V (or eV/ion) 

- ~~~ 

Hollow cathode 

Present I Future 

Beam voltage and specific impulse are related by 

AI, eV/ian 
Az, eV/ion 

PI 

v6 = 10-4 (:)' 

185 150 200 150 
1.5 1.5 6.0 6.0 
0.3 0.3 0.1 0 

Substituting this expression for v b  into Eq. (21) gives 

(22) 
- = 1 + 1 0 4 ( ~ ) ' ~ = 1 + 1 0 4  1 
r l P  

The power losses, including *the approximate fraction 
of eL each contributes, are shown in Table 1 (Refs. 6,9,10). 
Both oxide and hollow cathode thrusters are listed, al- 
though the latter appears to be more promising at this 
time. The liquid mercury cathode thruster (Ref. ll), under 
development at Hughes Resezirch Laboratories, is ex- 
pected to be similar to the hollow cathode thruster in 
terms of efficiency parameters. The liquid mercury cath- 
ode is in a slightly less-developed state in its system 
applicability and will not be discussed here. For an oxide 
cathode thruster, Eq. (22) can be written with little error, 
as 

and for a hollow cathode thruster, as 

Expressions €or Ed, E,, ea, and e,, can be obtained from ex- 
perimental data. 

Discharge losses can be expressed approximately, for 
the range of qm of interest (0.7 to 0.95), as 

Ed = A, (F)" + A, (-) 1 
1 - 7,lm 

Typical constants AI, A,, and PI are shown in Table 2. 

Table 1. Power loss summary 

Discharge 
Cathode 
Accelerator 
Magnet 
Vaparizer(s) 
Neutralizer 

Table 2. Discharge, loss equation constants 

The accelerator loss can be expressed as 

where Vu is the accelerator voltage and I $  the current 
(impingement). The symbol Zi is primarily a function of 
I b ,  aperture diameter and accelerator thickness. However, 
for present designs, the ratio I i / z b  can be approximated 
from experimental data (Ref. 6) as (for a conventional 
two-grid system), 

Zi 
- = 0.01 (E) 
z b  

(27) 

For a given v b  and Vu (1000 v is a good value for present 
designs), ea can be estimated from Eqs. (26) and (27). 
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Neutralizer losses are contributed by the cathode, 
vaporizer, and keeper elements and by beam-neutralizer 
coupling. Neutralizer power p ,  can be written approxi- 
mately as 

where V, is the coupling voltage. 

Cathode losses must be considered separately for the 
oxide and hollow cathode thrusters. For the oxide cathode 
a reasonable representation is 

1 
I b  

E, z= - (100 + 15 Id) f (t, qm) 

where 

I d  = discharge current, A 

f (t,  7,) = function of time and qm accounting for cath- 
ode degradation and use 

The fact that this loss is relatively high and that it in- 
creases with time provides the impetus for the use of the 
hollow cathode (Ref. 12). The hollow cathode losses are 
limited to starting and keeper losses (about 10 W). Heating 
power (about. 30 W) is required until the discharge current 
reaches several amperes, after which the cathode heater 
is, shut off. 

Power efficiency and total efficiency (qp  qm) of the hollow 
cathode thruster can now be computed from Eq. (24) by 
using Eqs. (25) to (28) as a function of I, ,  for p / p t  = 1. 
Figure 2 shows the results for qm of 0.8 and 0.9, if we 
assume that Vb is adjustable. Although adjustment of Vb 
is of little difficulty for the thruster, the PC would re- 
quire special design. Thus, Fig. 2 represents data for a 
number of different thrusters and PC units. Note that 
qm =0.90 results in the highest qt below 3600 s Isp.  
Figure 3 presents q, for a given thruster with the variation 
in Isp obtained by adjusting qm. In evaluating Eq. (28), a 
value of I b  of unity was used. This should introduce little 
error since ea and .E% are small. 

Figure 2 and 3 are for thrusters at full power. At lower 
power the constant losses shown in Table 1 become a 
larger fraction of the total. The expected variation of qt 
with thruster power level is shown in Fig. 4. Thus, for 

present thrusters, penalties of about 3% and 6.5% are paid 
for at values of 2 and 3, respectively. 

In concluding this section, a comment on qm is required. 
The neutralizer flow (plasma bridge type) contributes to 
qm and must be considered in evaluating true specific im- 
pulse. Thus far, a factor of 2% in utilization is included for 
the neutralizer. This figure is consistent with the per- 
formance of cesium neutralizers (Ref. 12) and with recent 
data obtained with a mercury neutralizer (Ref. 13). 

2400 2800 3200 3600 4000 6100 
SPECIFIC IMPULSE lSp, s 

Fig. 2. Thruster power and total efficiency as Q 

function of specific impulse 

0.40 
2400 2800 3200 3600 4000 44( 

SPECIFIC IMPULSE = lsp, s 

ster total efficiency as 
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A radiation flux of 400 W/m2 is estimated by Ref. 8. The 
required area per unit is approximately 

A, = 0.2 + 0.2 p,, m2 (32) 

OPERATING POWEV'FULL POWER, Vp+ OR I/at 

ypical thruster throttling characteristics 

B. Power Conditioners 

1. Size. The specSc mass of the PC (for a hollow cath- 
ode thruster including a neutralizer) can be approximated, 
from data of Refs. 8 and 14 and by 

(29) _ -  mc - 3.8 + kg/kW 
P c  

The total mass is 

M, = Zm, , iN, i  
i 

where 

N ,  = n, + np 

n, = number of operating PC units 

Since the PC will probably be designed to fit the space- 
craft, the dimensions can be adjusted as required to 
obtain A,. 

2. Eficiency. Accurate data on PC efficiency are not 
at present available. The principal difEiculty in determin- 
ing this efficiency is the accurate measuring of input 
power. Calculated efficiencies up to 93% have been pre- 
dicted for transistor- and SCR-type PC units (Refs. 14, 
15). The measured, full-power efficiency of the present 
Hughes unit (BB-1 with 40 to 80 V input from a laboratory 
supply) is about 89% based on input dc V-A. In the near 
future (through 1970) PC efficiencies of about 90% seem 
realistic. Higher voltage power systems (100 to 200 V) and 
thyristor technology should increase this efficiency into 
the low 90s. 

In present designs using pulse width modulation with 
square wave inverters, the input may be pulsed (Ref. 14). 
This causes a ripple on the dc current and voltage. An 
input filter is used on the PC to minimize the input ripple. 
Complete ripple elimination under all line and load con- 
ditions is probably not possible without an unacceptably 
large filter. However, as noted in Ref. 15, the ripple fre- 
quency is expected to be high (about 160 kHz) compared 
with the solar array frequency response at the -3 dB 
point (about 30 kHz). Thus, the high frequency ripple 
loading is not expected to follow the array static E-I 
curves. This decoupling from the static curve allows oper- 
ation near the maximum power point, with peak ripple 
power beyond the static maximum. 

np = number of initial spare PC units 
C. Thrust Vector Control 

For equal PCC unit size 

M, = (n, + np) (3.8 + 7e-O.?Pc) pc 

M, = 1 + - (3.8 + 7e-0.7Pc/nc) P,, kg (30) ( 3 
The plan form area of the PC unit is required for space- 

craft packaging. Present designs use direct radiation cool- 
ing and require one side of the unit to radiate to space 
(Ref. 9). The radiated power per unit is related to the 
conversion efficiency 7, by 

1. Size. The TVC will provide normal attitude control 
(within t0.5 deg) of the spacecraft and will correct for 
thrust misalignment and spacecraft center-of-gravity 
changes caused by propellant depletion (Ref. 16). Three- 
axis control is required for this purpose. This can be 
accomplished by two-axis translation (of the thruster 
array) and thruster gimballing for systems with two or 
more rows of thrusters. Single-axis translation with gim- 
balling normal to this axis may be adequate for systems 
with one row of thrusters. A representative single-axis 
translator and gimbals, described in Refs. 17 and 18, have 
been evaluated (Refs. 19, 20, 21). The TVC components 
are expected to vary only slightly with thruster size and 
power level. 
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The translation distance is determined by the require- 
ment of maintaining control with an outboard thruster 
operating alone. It will be assumed that the most outboard 

tional carriage for carrying the translator actuators is 
required. This will add about 4 kg. 

Actuators are not expected to vary greatly with system 
size. Gimbal and translator actuators, redesigned from 
those described in Refs. 17 and 18, weigh 1.8 and 2.7 kg, 

thruster center must be translated half a thruster diameter 
past center. The translation distance in each direction can 
be written 

respectively. 

La= - - I  ( y D b + u ) $ .  y D g + -  
The TVC electronics, which use sun and star sensor 

(T ) ( ;) (33) 

where nt. is the number of thrusters in the longest row, 
a is the edge-to-edge thruster spacing, and y was defined 
in Section 111-A, page 3. !The thruster spacing u can be 
expected to depend on gimbal actuator design and thruster 
layout. The total translator length is the sum of 2L,, and 
the translator shaft bearing spacing La. The bearing 
spacing, which depends on actuator design and shaft 
stiffness, can be expected to about equal L,. Therefore, 
Eq. (33), the total translator shaft length L, is 

input data to derive commands for the actuators, have an 
estimated weight of about 0.5 kg per actuator. 

Thruster mounting-structure mass, including gimbal 
bearings, is expected to be approximately half the thruster 
mass. Since the actual value depends entirely on the 
specific design, this structure mass M, will be assumed 
to be 

L, = 3.0 La 1.50 [nt, y Db f u (nt, - I)] (34) 2.Power. The requirements for power can be only 
approximated at this time. These are shown in Table 3. 

The translator shaft mass can now be estimated. It will 
be assumed that the shafts are tubes with diameters 
1/50 of L,, with wall thickness of about 4 X lO+m and 
density p.. The shaft mass is approximately 

Table 3. Power requirements of the thrust 
vector control elements 

I Item I Power, W I 
M, = 2.5 X lo-' p. L: 

Substituting for L,, we obtain 

Mr = 5.6 x lo-" p7 [ n t ~  y Db f U (ntr - I)]* 

and using Eq. (17), we obtain 

Electronics: per actuator 

Translator actuator 

Driver and stepper motor (13) 

Position pickoff (1) 

Gimbal actuator 

Driver and stepper motor (8 )  

Position pickoff (1) 

1 

14 

9 

I 'Electronics from sun and star sensors to actuator input. I 

M. = 5.6 x 10-4 p, 
For a three-gimballed thruster, single-axis translator 

f a(rlt, - 1) 
system, the power requirement would be about 45 W. A 
four-gimballed thruster, two-axis translator system would 
require about 70 W. (35) 

Translator shaft supports, at the mounting structure and 
spacecraft interfaces, are expected to weigh about 1 kg istri 

- - 
per translation axis. Translator shaft bearings are also 
estimated at 1 kg per axis. For a two-axis system, an addi- 

1. Size. An estimate for the size of this element can be 
obtained by assuming the mass to be a fraction of the 
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propellant mass. The total propellant flow rate during 
operation is 

or 

where 

Z b  = 

Vb = 

. 7.5 x 10-31~ 
M ,  = , k g b  

T m  

* 7.5 x 104 T t  7, P ,  
C, M ,  = 

total beam current, A 

net beam voltage, kV 

(37) 

The total propellant used is 

where ti is propulsion start time, and tf is finish time. If we 
now relate M ,  to the PSD mass M,, by 

we find that 

M,, = 7.5 x 104 /; - ””;;,“ at (38) 

The factor y (approximately 0.04) includes tankage, 
valves, feedlines, and miscellaneous fittings. The integral 
must be evaluated in mission calculations. 

2. Power. Latching valves and pressure transducers are 
the principal power losses. Each latching value is expected 
to require a current of 1 A (at 28 V) for about 50 ms. 

The use of switches to interconnect thrusters and PC 
units may be required to obtain high system reliability. 
Since the switches with associated drivers and logic are 
less than 100% reliable, the ultimate incorporation of 

switches will require a detailed system reliability analysis 
including accurate data on switch failure rate. These data 
are unavailable at present. 

Both mechanical stepping and solid state (SCR) switches 
have been considered. Solid state switching is not attrac- 
tive because of the large voltage drops incurred in high 
current, low voltage circuits.* The weights of solid state 
and mechanical switches appear to be comparable. 

Switch weight is expected to be about 2.3 kg per PC 
unit with little dependence on power level or number of 
thrusters. Switching will occur only with power off. Logic 
for operating the switches and indicating switch position 
is estimated at about 1 kg per PC unit. 

F. Controller 

This unit performs the logic functions related to the 
thrust subsystem and will probably be a part of the space- 
craft central computer and sequencer (CC&S). The prin- 
cipal functions of the controller are to implement the 
stored thrust program by thruster throttling, to evaluate 
the available power by scanning the maximum power 
point detector, to command switching, and to detect thrust 
subsystem failures. The increment of CC&S weight asso- 
ciated with this unit will be taken as 5 kg. The power 
required will probably add little to the normal CC&S 
requirement. 

1V. Application 
The previous analysis can be illustrated by choosing 

thruster parameters and number of standby units, and 
computing the system mass as a function of power level 
and number of thrusters. It will be assumed that 

Tm = 0.90 

qt = 0.725 (Fig. 2) 

7, = 0.90 

n, = 1 

n, = nt 

n, = 0 

p. = 1.86 X lo3 kg/m3 (beryllium) 

*Personal communication to author from T. W. Macie, JPL, January 
1970. 



The equations resulting from the use of these parameters 
are shown in Table 4. Results of calculations based on this 
table are shown in Figs. 5, 6, and 7 as a function of nt 
and P ,  for two axes of translation. Similar calculations 
can be made for other assumed conditions and thruster 
parameters. 

Given curves equivalent to Fig. 7, the mass of a specsed 
configuration can be assessed easily. Thruster throttling 
and reliability will generally set (nt + nJ and mission 
calculations will set I,, and P,. 

Table 4. Thrust subsystem mass summary 

Unit 

rhruster 

'CC 

rvc 
Two-axis translation 

Translator shafts 

Mounting structure 
Translator bearings 
Translator supports 
Actuator carriage 
Electronics 
Translator actuators 
Gimbal actuators 

Propellant storage 

Switching matrix 

Controller 

Wiring 

Mars 

M, = (3.7 f 7e-0.'pc'nt) Pc 

w + 0.05 nt 1 
M ,  = 0.5Mt 
2 
2 
4 
3.7 
5.4 
1.8 (nr) 

0.5 Po 

3.3 nr 

5 

0.5 P,  

TOTAL UNCONDITIONED POWER P,, kW 

ster sys 

TOTAL UNCONDITIONED POWER P,, kW 

Fig. 6. Total muss of power conditioning and eontrol 
elements for u multi-thruster syste.m 
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